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In additive manufacturing (AM), it is necessary to know the influence of processing 
parameters in order to have better control over the microstructure and mechanical 
performance of the part. Laser powder bed fusion (LPBF) is a metal AM process in which 
thin layers of powdered material are selectively melted to create a three-dimensional 
structure. This manufacturing process is beneficial for many reasons; however, it is limited 
by the thermal solidification conditions achievable in the available processing parameter 
ranges for single-beam processing methods. Therefore, this work investigates the effect of 
multiple, coordinated heat sources, which are used to strategically modify the melting and 
solidifying in the AM process. The addition of multiple heat sources has the potential to 
provide better control of the thermal conditions, thus providing better control of the 
microstructure of the additively manufactured parts. To model this, existing thermal 
models of the LPBF process have been modified to predict the thermal effects of multiple 
coordinated laser beams. These computational models are used to calculate melt pool 
dimensions and thermal conditions throughout the LPBF process. Furthermore, the results 
of the simulations are used to determine the influence of the distance between the 
coordinated laser beams. The predictive method used in this research provides insight into 
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the effects of using multiple coordinated beams in LPBF, which is a necessary step in 
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As additive manufacturing (AM) grows in popularity, it is becoming increasingly 
important to improve the quality of parts that are created with this manufacturing 
technique. Although the use of AM can be advantageous for many reasons, it can also cause 
adverse effects if the processing-structure-properties-performance (PSPP) relationships are 
not well understood. AM is known to cause undesirable features that can be detrimental to 
the part’s performance, such as process-induced defects and microstructural variations. 
Oftentimes, these unwanted features are caused by the scan strategy and processing 
parameters used to build the part. As a result, it is very important to have a concrete 
understanding of the PSPP relationships in AM to improve the overall quality of the AM 
process.  
Laser powder bed fusion (LPBF) is a metal AM process in which a layer of powder 
material is selectively melted by a laser beam. This results in a liquefied pool of metal, 
which then cools to a solid state. This melting and cooling procedure is repeated multiple 
times to create layers that form a full part. This process is beneficial because it allows for 
complex parts to be created with a high resolution. However, the heat transfer in LPBF is 
not fully understood, thus needing more research. The LPBF process is limited by the 
thermal solidification conditions achievable in the available processing parameter ranges 
for single-beam processing methods. Therefore, the next research question leads toward 
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the potential to coordinate multiple heat source locations to strategically modify the 
melting and solidifying in the AM process. This thesis project modifies existing thermal 
models of the LPBF process to predict the effects of adding multiple laser beams. The 
prediction method used here is needed to guide an increase in the efficiency and 
effectiveness of the AM process. 
1.2 Motivation 
The LPBF process is utilized to manufacture small, customized parts with high 
resolution and fine details. However, the products that result from this process are prone to 
defects and microstructural variations that can adversely affect the mechanical 
performance of the part. As a result, more research needs to be conducted to increase the 
efficiency and reliability of the LPBF process. The goal of this research project is to 
accurately model the thermal behavior of multi-beam LPBF through use of computer 
simulations. Moreover, this project aims to utilize these computer simulations to predict 
the defects and microstructural differences in the LPBF process due to the addition of a 
second heat source. 
1.3 Literature Review 
1.3.1 Additive Manufacturing 
1.3.1.1 Overview 
Additive manufacturing (AM), commonly referred to as three-dimensional (3D) 
printing, is a fabrication technique that is used to create structures in a layer-by-layer 
fashion. There are many advantages in using AM processes to create design components. 
The layer-by-layer technique of production makes AM especially suitable for creating 
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customized components with complex geometries that are difficult to produce with 
traditional manufacturing methods. As a result, AM has found many uses in automotive, 
aerospace, and biomedical applications that require custom-made structures and complex 
features. Compared to traditional subtractive methods of manufacturing, the use of AM 
also results in a decreased amount of wasted material. This is because AM processes enable 
a more efficient use of material by creating near-net shapes, and leftover material can often 
be reused [1]. In addition, AM processes allow for batch production and part consolidation, 
which can make the fabrication process quicker than traditional manufacturing techniques. 
The AM process begins with a computer-aided design (CAD) model, which is then 
broken up into a series of triangular faces by converting it to a stereolithography (STL) file 
[2]. Using computer software, the STL file is sliced into thin layers, which are then sent to 
the printer. A representation of this model progression is shown in Figure 1.1. After the 
part is printed, the part can then be removed from the printer and post-processed with 
methods such as machining, surface finishing, and heat treatment [3]. 
 
Figure 1.1: The model progression of parts designed for AM. 
1.3.1.2 AM Processes 
There are seven standard classes of AM, which each use their own techniques to 
bond materials together to form individual layers that create a part [4]. These seven classes 
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are: material extrusion, material jetting, binder jetting, sheet lamination, vat 
photopolymerization, powder bed fusion, and directed energy deposition [5, 6, 7]. A wide 
range of materials can be used in these AM processes, which include various types of 
polymers, metals, and ceramics. 
Material extrusion is an AM process in which layers are created by pushing a semi-
liquid material through a nozzle. The most common material extrusion technology is 
known as fused deposition modeling, or FDM [8]. As shown in Figure 1.2, a heated nozzle 
moves on a horizontal plane to distribute layers of material, which are generally between 
0.05 and 0.25 mm tall [9, 10]. After each layer is deposited, either the build plate or the 
extruder shifts vertically to allow space for the next layer of material. As these layers cool 
down, they solidify and bond to one another. The extrusion process is then repeated many 
times to create layers that form the three-dimensional structure. The materials used in 
material extrusion generally come in spools of filament, which are typically 1.5 to 3 mm 
in diameter [8]. Material extrusion is most commonly used with thermoplastics or 
thermoplastic-composite materials, but it has also found uses in other applications such as 
ceramic, clay, concrete, and food printing [11, 12, 13]. The size of the nozzle prohibits 
material extrusion from creating ultra-fine features, and parts created with this method are 




Figure 1.2: The material extrusion AM process [16]. 
Material jetting is an AM process that uses a liquid photopolymer and an ultraviolet 
light source for solidification. In this process, which is shown in Figure 1.3, one or more 
print heads act similarly to two-dimensional printers, using a drop-on-demand technique 
to selectively dispense small droplets of build material, which can be as small as 
approximately 12.5 μm in diameter [17]. Because the materials used in this process must 
be capable of forming satisfactory droplets, the material jetting process is limited to 
photopolymers and wax-like materials [7, 18]. The material jetting process is advantageous 
due to its ability to combine multiple materials and colors in a single build, while being 




Figure 1.3: The material jetting process [7]. 
Binder jetting is another AM process that utilizes a liquid bonding agent to fuse 
together powdered materials. As shown in Figure 1.4, this process uses a roller to spread a 
thin layer of powder across the build chamber. Then, an inkjet print head utilizes a drop-
on-demand technique to deposit droplets of liquid bonding agent (approximately 80 μm in 
diameter) that fuse the powdered particles together [19]. The part is then lowered, and the 
process is repeated to form the remaining layers of the part.  This process has been used to 
create components with sand, plaster-based powders, metals, and sugar [20, 21, 22, 23]. 
After the part is printed, it can be strengthened by infiltrating the printed piece with another 
material [19]. The part can also be sintered to further increase the strength and density of 
the part. With this combination of printing, infiltrating, and sintering, binder jetting is able 




Figure 1.4: The binder jetting AM process [25]. 
Sheet lamination uses thin (approximately 70-200 μm) sheets of material, which are 
bonded together to form a three-dimensional structure [20]. In this process, as depicted in 
Figure 1.5, two-dimensional profiles are cut from each sheet, which are then added together 
to form the structure. This process can be achieved using plywood-like paper with an 
adhesive coating, or it can use metal foil with either thermal bonding or an ultrasonic 
welding process [20, 26]. The sheet lamination process is only required to cut an outline of 
a layer rather than scanning the entire geometry. As a result, sheet lamination tends to 
produce components relatively quickly. Additionally, sheet lamination is advantageous due 
to its ability to use varying materials on different layers and its potential to add pre-




Figure 1.5: Sheet lamination using resistance slip-welding technology [28]. 
Vat photopolymerization is another AM process that utilizes a vat of liquid 
photopolymer and ultraviolet (UV) light. During this process, a vat of light-activated resin 
is subjected to a UV light to solidify a thin layer of material. The part is then shifted 
vertically, and the process is repeated to create the remaining layers that form a full part 
[29]. A representation of vat photopolymerization is shown in Figure 1.6. The most 
common vat photopolymerization technology is known as stereolithography, which is 
widely known to be the first commercial AM process [7, 29]. Depending on the printer 
being used, this process can build parts bottom-up or top-down [30]. Vat 
photopolymerization is limited to photopolymer materials only; however, this AM process 





Figure 1.6: The vat photopolymerization process [7]. 
The powder bed fusion process is one of the four standard AM classes that can be 
used to fabricate metal structures [5]. In this process, powdered material is spread into a 
thin layer, which are approximately 20 to 50 μm thick. Then, a heat source, either in the 
form of an electron beam or a laser, is used to selectively melt this powdered material to 
create a layer of the component, which then solidifies as it cools. The build plate is then 
lowered, and the spreading and melting process is repeated for a new layer. This process is 
repeated many times until the part is fully complete [7]. Powder bed fusion is advantageous 




Figure 1.7: The powder bed fusion process [31] 
Directed energy deposition uses thermal energy to fuse materials as they are being 
deposited. In this process, which is shown in Figure 1.8, either an electron or laser beam 
melts material as it is being deposited on the build platform. Directed energy deposition 
uses materials in either wire or powder form [32]. It is possible for directed energy 
deposition to manufacture parts with polymers and ceramics; however, it is typically used 
with metal materials [33]. The directed energy deposition process is advantageous due to 




Figure 1.8: The directed energy deposition AM process [32]. 
1.3.2 Modeling Approaches 
Modeling of the LPBF process is a helpful tool in determining the influences of the 
scan strategy and processing parameters without the added expense of physical 
experiments. However, accurate modeling is challenging due to the multi-physics nature 
of the LPBF process. As a result, many models of LPBF are on scales that generally fall 
into three categories: powder scale, melt pool scale, and part scale.  
1.3.2.1 Powder Scale 
Models at the powder scale increase the understanding of the interaction between the 
laser beam and powder particles [34]. These simulations generally utilize thermal and 
hydrodynamic models, which allows for the analysis of melt pool dynamics, surface finish, 
and part density in LPBF [34, 35]. Powder scale modeling is useful because it often has the 
capability to capture effects such as vaporization, surface tension, and spattering [36]. 
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1.3.2.2 Melt Pool Scale 
Melt pool scale models are used to predict the effects of the scanning process at the 
scale of the melt pool. Many of these models utilize finite element techniques to  predict 
the heat transfer of the LPBF process, which have the capabilities to include transient 
effects and the influences of temperature-dependent properties [37, 38, 39, 40]. However, 
these models are computationally expensive. As a result, other researchers have used melt 
pool scale models that utilize analytical heat transfer solutions to determine temperature 
data and thermal conditions, which are generally quicker to use while maintaining 
reasonable accuracy [41, 42, 43]. Overall, these models on the melt pool scale have proven 
to provide reasonably accurate thermal results. Consequently, this thesis utilizes models on 
the scale of the melt pool to investigate the thermal behavior of both single-beam and multi-
beam LPBF. 
1.3.2.3 Part Scale 
Simulations on the part scale are often used to predict quantities that are related to 
the part as a whole [34]. The quantities under consideration may vary, but they are often 
related to residual stresses and distortions due to the thermal fluctuations in the part [44, 
45]. As a result, these part-scale simulations are important in understanding the physical 
aspects of the LPBF process that cause failure during the build. 
1.4 Contributions 
The contributions of this thesis are as follows: 
1. Investigates the transient effects of scan strategy and processing parameters 
in single-beam LPBF 
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2. Modifies both an analytical and semi-analytical heat transfer solution to 
model the effects of coordinated multi-beam LPBF 
3. Compares the melt pool geometry and microstructure predictions of the 
multi-beam analytical and semi-analytical models for different arrangements 
and distances between the beams 
4. Examines the influences of preheating vs. post-heating in multi-beam LPBF 






2.1 Laser Powder Bed Fusion 
The laser powder bed fusion (LPBF) process allows for easy customization of parts 
with high resolution and small feature sizes. However, components that are made via LPBF 
often contain undesirable features such as residual stresses, surface defects, porosity, and 
microstructural inhomogeneities [46]. In most cases, the presence of these features 
drastically reduces the mechanical performance of the part. Therefore, understanding the 
causes of these features will allow for better control of these defects, which provides the 
potential to improve the overall quality and efficiency of the LPBF process. 
Porosity is the term that is used to describe voids within a part. These voids can be 
caused by a variety of factors, ranging from the equipment and feedstock to the parameters 
used in the build process. Depending on the processing parameters used, different types of 
pores can form throughout the material [47, 48]. The general relationships between the 
primary processing parameters and porosity types are shown in Figure 2.1. Lack-of-fusion 
porosity occurs when a section of the material does not reach the melting temperature. This 
type of defect appears when the melt pool overlap is not large enough to properly fuse the 
material [49]. Conversely, keyhole-induced porosity occurs when the amount of energy 
applied is too large, resulting in pores that occur beneath the powder bed [50]. Balling 
occurs when layers are melted into large, spherical fragmentations rather than flat layers, 
thus causing discontinuities in the final structure [51, 52, 53]. Another common type of 
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porosity is known as gas porosity, which is a result of gas entrapment inside the material 
that is unable to be released during the build process [54].  
 
Figure 2.1: Porosity types due to variations in processing parameters [47]. 
Microstructural inhomogeneities are also of interest in the LPBF process. These non-
uniformities include a variety of microstructural aspects; however, this thesis is mainly 
concerned with variations in the grain size and morphology due to changes in the thermal 
behavior of the process. Variations in both grain size and morphology are known to have 
a strong influence on the mechanical performance of the final structure [55]. As a result, 
the thermal behavior of the LPBF process is important to understand in predicting the 
influence of the microstructure on the mechanical performance in the LPBF process. 
Throughout the LPBF process, a laser melts a layer of material, which solidifies as it 
cools. The liquefied pool of material is known as the melt pool. In this thesis, melt pool 
length refers to the size of the melt pool in the horizontal scanning direction and melt pool 
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depth refers to the maximum vertical distance of the melt pool. A depiction of a melt pool 
is shown in Figure 2.2, with the length and depth highlighted. 
 
Figure 2.2: Melt pool dimensions for single beam LPBF. 
2.1.1 Multi-Beam Laser Powder Bed Fusion 
In many cases, multi-beam LPBF processes are used to create parts in a parallel 
fashion, where multiple laser beams are used to independently create separate parts with 
increased productivity [56, 57]. However, not much research has been conducted to 
investigate the effects of multi-beam LPBF with coordinated heat sources, which has the 
potential to offer better control of the thermal conditions, microstructure, and mechanical 
performance of the part. In the coordinated multi-beam LPBF process, multiple laser beams 
are used on the same scan field at a specified offset distance apart. As a result, the melt 
pool seen in coordinated multi-beam LPBF consists of two melted regions. The length and 
depth of this double melt pool is strongly influenced by the distance between the heat 
sources; as the lasers are spread further apart, the heated areas will have less of an influence 
on each other. Eventually, this will cause discrete melt pools with lengths and depths that 
approach the same results as a single laser beam. When the lasers are close together, 
however, the melt pool looks similar to the one shown in Figure 2.3, where the two melted 




Figure 2.3: Melt pool dimensions for multi-beam LPBF. 
Although there is not much existing research that studies coordinated multi-beam 
LPBF, few researchers have proved that the addition of a second laser beam has great 
potential to improve different aspects of the LPBF process. For example, Heeling et al. 
used a computational modeling approach to investigate the effects of various coordinated 
multi-beam scan strategies. The resulting simulations show that the addition of a second 
laser beam, whether the offset is in-line or perpendicular to the scan direction, decreases 
both the thermal gradients and residual stresses in the part [58]. In another work by Heeling 
et al., a multi-beam LPBF process is used with a second, larger laser beam located at a 
specified offset distance in-line with the scan direction. In this case, the experiments show 
that multi-beam scan strategies result in smoother surfaces and more dense parts [59]. Abe 
et al. used a multi-beam system to create test specimens, which were shown to improve the 
ductility, residual stresses, hardness, and bending strength as compared to specimens 
manufactured with single-beam LPBF [60]. Aggarangsi et al. used a thermomechanical 
model to study the effects of using a localized preheating strategy in powder bed fusion of 
thin wall geometries. As a result, the preheating effects were shown to significantly 
influence the temperature distribution and thermal gradients, causing a decrease in residual 
stresses [61]. Overall, coordinated multi-beam LPBF has the capability to offer many 
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advantages as opposed to single-beam LPBF. However, there is more research that needs 
to be done to explore the effectiveness of this process. 
2.2 Rosenthal Heat Transfer Solution 
The Rosenthal solution [62] is a 3-D linear solution to the heat equation for a point 
heat source traveling at a constant speed, as shown in Figure 2.4. In this geometry, the 
dimensions L, b, and h are assumed to be much larger than the dimensions of the melt pool. 
 
Figure 2.4: The 3-D geometry represented in the Rosenthal solution [63]. 
 The Rosenthal solution assumes steady state conditions, a semi-infinite domain, and 
constant and uniform material properties. The dimensionless form of the equation, given 
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where T is the temperature of interest, T0 is the preheating temperature, α is the absorptivity 
of the laser heat source, Q is the laser power, k is the thermal conductivity, ρ is the material 
density, c is the specific heat, and v is the laser speed. 
As discussed by Bontha et al. [63, 65], the solidification cooling rate and thermal 
gradients can be found through differentiation of (2.1). The dimensionless cooling rate 
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Likewise, the dimensionless thermal gradient |∇𝑇̅̅̅̅ | is given by: 
















The derivatives 𝜕?̅? 𝜕?̅?0
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⁄ , and 𝜕?̅? 𝜕𝑧0̅









































































} . (2.9) 
The actual thermal gradient |∇𝑇| is related to the dimensionless thermal gradient by: 








) |∇𝑇| (2.10) 
2.3 Semi-Analytical Model 
The semi-analytical approach utilizes a transient heat conduction solution that allows 
for the computation of temperature data as a result of a circular ring heat source. This model 
assumes a semi-infinite domain and neglects the effects of latent heat and heat loss due to 
vaporization and convection. It also assumes constant and uniform specific heat, density, 
and thermal diffusivity. This model utilizes a numerical integration method, which allows 
the output to include the transient effects of the scan path. The semi-analytical solution 



















where T represents temperature, t represents time, and a represents the thermal diffusivity. 
Additionally, the variables x, y, and z represent the location of the point of interest in the 









Figure 2.5: A representation of the geometry that is modeled in the semi-analytical 
approach. 
This solution can be applied to the heat conduction problem due to an instantaneous 
circular ring heat source, which has a radius of r0. The source instantaneously applies heat, 
Q, at any point M. This results in the following equation [67, 68, 69], which represents the 
change in temperature as a result of the circular ring source that is applied for a differential 
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where cp is the specific heat, ρ is the density, and τ represents the time after the heat source 
is applied.  
However, this equation can be rewritten by utilizing the modified Bessel function of 
the first kind, order zero (I0). The equation for the change in temperature due to the circular 
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This temperature rise equation can then be integrated and added to the initial temperature 
to obtain the temperature data for an individual point of location (x, y, z): 
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(2.15) 
where τi is an integration variable that represents time. This equation for the temperature 
can be numerically integrated to obtain a transient solution for a heat source that is 
dependent on time, which is necessary for capturing accurate data in the LPBF process 
[42]. 
 The cooling rate can then be determined by taking the partial derivative of Equation 





where Gx, Gy, and Gz represent the partial derivatives of Equation (2.15) in the x, y, and z 
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(2.19) 
where I1 refers to the modified Bessel function of the first kind, order one.  
2.4 Material 
2.4.1 Alloy 718 
Alloy 718 is a nickel-based superalloy that is commonly used in AM applications. 
This use of this material is beneficial due to its strength retention at high temperatures, 
along with its resistance to both oxidation and creep [70]. Because of its common use in 
AM, some of the simulations in this thesis use the material properties for Alloy 718. The 
values of these material constants, which are displayed in Table 2.1, are assumed to be 





Property Variable Value Units 
Density ρ 7451.0 kg/m3 
Specific heat c 600.0 J/(kg·K) 
Thermal Conductivity k 26.6 W/(m·K) 
Melting Temperature Tm 1610.0 K 
Table 2.1: Material properties for Alloy 718 [42]. 
2.4.2 Ti-6Al-4V 
Ti-6Al-4V is another material that is commonly used in AM applications. This 
material’s wide use can be attributed to its low weight and high strength, which is 
maintained at high temperatures [71, 72]. Because of its wide use in AM, some of the 
modeling in this work uses the material properties for Ti-6Al-4V at its melting temperature. 
In the models that use Ti-6Al-4V, the material properties are assumed to be constant 
throughout the entire build. These properties of interest are outlined in Table 2.1. 
 
Property Variable Value Units 
Density ρ 4002.23 kg/m3 
Specific heat c 857.68 J/(kg·K) 
Thermal Conductivity k 30.45 W/(m·K) 
Melting Temperature Tm 1654.0 K 
Table 2.2: Material properties for Ti-6Al-4V at the melting temperature [73]. 
2.4.3 Microstructure 
Parts created with metal AM processes often exhibit columnar grains due to the 
directional cooling and rapid solidification inherent to the process [74]. Columnar grains 
are elongated and anisotropic, as shown in Figure 2.6a. Columnar microstructures are likely 
to cause failure due to the long grain boundaries, which are susceptible to cracking. On the 
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other hand, equiaxed grains, shown in Figure 2.6b, are nearly equal in all directions. This 
type of grain structure is usually preferable because it less likely to cause failure in the part. 
 
Figure 2.6: (a) Columnar and (b) equiaxed microstructures [75]. 
2.5 Solidification Maps 
Solidification maps can be used to predict the solidification microstructure due to the 
thermal conditions at the onset of solidification. In a solidification map, the thermal 
gradient, which is denoted as G, is plotted on the y-axis.  The solidification rate, R, is plotted 







The solidification map for Ti-6Al-4V, shown in Figure 2.7, is broken up into three 
morphology regions: fully columnar, mixed, and fully equiaxed. These regions are 









3 Single-Beam LPBF Studies 
In this chapter, the semi-analytical approach is used to simulate the temperature 
distributions and thermal conditions of the single-beam LPBF process with variations in 
the processing parameters and geometry of the scan strategy. The temperature distributions 
are then analyzed to discover the effects of the processing parameters, which can be related 
to porosity caused by lack of fusion. Then, the resulting thermal conditions are plotted on 
color maps in the spatial domain to show the patterns within these scans and the differences 
that are caused by changing the geometry of the scan path. 
3.1 Density Analysis 
Parts made with LPBF often contain lack-of-fusion porosity, which occurs when a 
portion of the material does not reach the melting temperature. This results in voids, which 
are unwanted in many applications because they weaken the mechanical performance of 
the part. The presence of lack-of-fusion porosity depends on the processing parameters 
used to create the part. These processing parameters include a multitude of factors; 
however, this chapter investigates the temperature distributions in the LPBF process due 
to the speed and hatch spacing of the process. This is done through thermal simulations of 
process using the semi-analytical model, which can then be used to predict the existence 
and location of lack-of-fusion pores. 
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3.1.1 Single Bead Analysis 
The first set of simulations calculate the melt pool widths that are caused by a single 
laser pass. The results, which are shown in Figure 3.1, show the predicted behavior of the 
LPBF process due to a 5-mm pass of the laser beam. This simulation was completed three 
times for a beam that moves from left to right at varying laser speeds. The power in these 
simulations was kept at a constant 285 W, and the material constants corresponded to the 
properties for Alloy 718. In these plots, a top-down view of the scan is shown, where the 
black points indicate the spatial locations that reach the melting temperature of the material 
and the red points indicate the locations that do not reach the melting temperature.  
 
Figure 3.1: The results from the single bead semi-analytical simulation for Alloy 718. 
These plots indicate that the width of the melt pool decreases as the speed of the laser 
is increased. This is expected because a faster laser will have less time to conduct heat at 
each individual point on the build plate. In LPBF, the melt pools in adjacent scan passes 
must have an adequate amount of overlap so that the entire layer melts properly. As a result, 
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the power, speed, and hatch spacing must be carefully selected to reduce lack-of-fusion 
porosity. 
3.1.2 Multiple Pass Analysis 
The next density study compares the results from simulations with varying speeds 
and hatch spacings. In these simulations, the laser starts at the top left and scans in the 
striped pattern shown in Figure 3.2. Similar to the single bead experiments, all the multiple 
pass simulations use a power of 285 W and the material properties of Alloy 718. The 
results, which are shown in Figure 3.3, indicate that increases in both speed and hatch 
spacing result in more locations that do not reach the melting temperature. These 
simulations were run with a rather large time step of 1 ms in order to reduce the amount of 
time necessary for completion. The accuracy of the simulation would increase if a smaller 
time step were used; however, the general relationships between the processing parameters 
and the density are expected to remain the same. 
 





Figure 3.3: The results from the multiple-pass density simulation. 
3.1.3 Porosity Analysis 
Lack-of-fusion porosity occurs at locations that do not reach the melting temperature 
of the material. Therefore, the red points in the above plots indicate the expected locations 
of lack-of-fusion porosity because these points stay below the melting temperature 
throughout the duration of the scan. By inspection of these plots, an increase in both the 
speed and the hatch spacing will cause an increase of lack-of-fusion porosity in the build. 
On the other hand, alterations in these parameters create the possibility to cause porosity 
due to other physical aspects such as keyholing and balling, which are not captured in the 
semi-analytical model. As a result, more research needs to be conducted to find an optimal 
processing parameter region that minimizes the total number of pores in the final part. 
3.2 Cooling Rate Analysis 
The microstructure sizes of metal AM objects are dependent upon the cooling rate at 
the onset of solidification. This is because the grains in the molten material continue to 
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grow until the material cools to a solid state. As a result, faster cooling rates result in finer 
grain sizes. The grain size is an important factor in determining the material properties, 
which is essential information to have when designing the final product. This section 
investigates the cooling rates in single-beam LPBF to determine patterns in the 
microstructure size as a result of a change in the scan strategy. The first experiment in this 
cooling rate analysis compares the results of a single laser pass simulation to the results of 
a simulation that models multiple laser passes, which is useful in determining the transient 
effects of the LPBF process. 
3.2.1 Single Bead Results 
The first results, which are shown in Figure 3.4, indicate the cooling rates at each 
spatial location on the build platform. In the single bead simulation, the cooling rate 
remains relatively constant throughout the whole path. However, the multiple pass 
simulation shows that the cooling rate slows down around the edges as the number of 
stripes increase. These slower cooling rates along the edges are due to the scan path; since 
the laser turns around and immediately begins scanning the next pass, the beam spends a 
lot of time on the edge. This causes more heat to be applied to the edges of the scan path, 





Figure 3.4: The results from the single bead versus multiple bead simulations. 
3.2.2 Thick to Thin Geometry 
The thick-to-thin geometry, as shown in Figure 3.5, is used to investigate the thermal 
effects of changing the scanning pattern in the powder bed fusion AM process. This 
geometry is composed of a 10 mm square section and a 10 mm by 2 mm rectangular 
section, which are referred to as the “thick” and “thin” sections, respectively. Simulations 
of these thick-to-thin samples can be used to provide information about the variations in 




Figure 3.5: A top-down view of the thick-to-thin geometry. 
There are many possible scan patterns that can be used to create this geometry; 
however, this research is concerned with comparing continuous scan strategies in the 
vertical and horizontal directions, which are illustrated in Figure 3.6. In both scanning 
methods, the hatch spacing is 60 μm and the scan speed is 750 mm/s.  
The geometry of these thick-to-thin samples allows for some simplifications 
regarding the necessary simulations. First, the thick and thin portions can be simulated as 
two separate parts because they are scanned separately. This will save on computation time 
because it allows the simulations to be constrained to smaller areas of interest. Therefore, 
the separated simulations provide data for only the necessary points in that section. 
Since the thick section is a square, both the vertical and horizontal scanning patterns 
have stripe lengths of 10 mm. This means that simulations of these two scans are essentially 
the same, but oriented differently. Additionally, the vertical scan of the thin section has a 
10-mm stripe length as well. Therefore, it can be concluded that the simulation of the 
vertically-scanned thin section will provide the same thermal results as a small portion of 
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the thick section. As a result, only one simulation is needed to represent both orientations 
of the thick section, as well as the vertically-scanned thin section. These areas that can be 
represented by the same simulation are highlighted in Figure 3.6. 
 
Figure 3.6: The vertical (a) and horizontal (b) scan patterns for the thick-to-thin 
geometry. The portions that are highlighted can all be modeled by the same simulation. 
The results shown in Figure 3.7 represent the cooling rates due to the stripe width 
variations from the thick-to-thin simulations. In these simulations, the long stripe width 
provides faster cooling rates than the short stripe width. This is because the short stripe 
width retains more heat, which takes longer to cool. As a result, it is expected that the thick 
section of the build will have a finer grain structure than the thin section, due to the cooling 




Figure 3.7: The results from the thick-to-thin simulations. 
3.2.3 Microstructure Analysis 
The thermal conditions at the onset of solidification are known to be a direct 
contributor to the microstructure of the material. More specifically, it is known that faster 
cooling rates result in finer grain structures and higher yield strengths. In order to validate 
the conclusions drawn by the simulations, the model results were compared to scanning 
electron microscope (SEM) images of the actual thick-to-thin builds provided by Walker 
[70]. These images show that the thick portion of the geometry is composed of a finer grain 
structure than the thin portion, which supports the results given by the simulations of the 




Figure 3.8: SEM images of the thick section (left) versus the thin section (right) [70]. 
3.3 Conclusions 
The semi-analytical model was able to predict patterns in the temperature 
distributions due to changes in the processing parameters. First, the temperature 
distributions in a single laser pass were analyzed for varying laser speeds. These 
simulations showed that an increase in speed resulted in less melted material due to the 
amount of time the laser spends at each individual location on the build plate. Next, the 
temperature distributions were investigated for multiple laser passes with varying speeds 
and hatch spacings. The results of these simulations indicated that an increase in both speed 
and hatch spacing results in less melted material, which means that lack-of-fusion porosity 
is more likely.  
Along with the temperature distributions, the patterns in the thermal conditions were 
predicted from the semi-analytical simulations. First, the single beam experiment showed 
that the cooling rate remains relatively constant for a single laser pass. However, the 
multiple pass simulation exhibited more transient behavior, which causes differences in the 
cooling rates throughout the scan path. In addition to this, the stripe width was varied to 
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investigate the influence of the scan geometry on the thermal behavior. As expected, the 
larger stripe width results in faster cooling rates, which causes a finer microstructure and 





4 Multi-Beam LPBF Studies 
4.1 Analytical Modeling 
4.1.1 Multi-Beam Rosenthal Solution Method 
The coordinated multi-beam LPBF scan strategy modeled in this work is represented 
in Figure 4.1. In this configuration, two laser heat sources travel in the positive x-direction 
at speed V with absorbed laser power αQ. The system is modeled on the y0 = 0 plane to 
obtain the solution that corresponds to the maximum melt pool depth. Here, the origin is 
located at the location of the leading beam. 
 
Figure 4.1: The coordinated multi-beam LPBF configuration that is modeled in this 
work. 
The heat sources are located at a specified distance apart, d, which is non-








In order to find the temperature distribution due to both heat sources, the 
contributions of the second laser beam can be added to the single-beam Rosenthal solution 


















The boundary of the melt pool is calculated by setting Equation (4.2) equal to the 









Similar to the single-beam Rosenthal solution, the solidification cooling rate and 
thermal gradient are found through differentiation of Equation (4.2). The dimensionless 
cooling rate 𝜕?̅? 𝜕𝑡̅
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The dimensionless thermal gradient |∇𝑇̅̅̅̅ | is found by taking the magnitude of the x, 
y, and z components; however, the quantity 𝜕?̅? 𝜕?̅?0
⁄  is equal to zero on the y0 = 0 plane. 
Therefore, the dimensionless thermal gradient on the maximum melt pool plane becomes: 
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The dimensionless cooling rate and thermal gradient are related to their dimensioned 
quantities through Equations (2.5) and (2.10). 
It is important to note that the multi-beam Rosenthal solution approaches the single-
beam Rosenthal solution as d approaches infinity. Therefore, the simulations for multi-
beam LPBF with d = ∞ can be modeled with the single-beam Rosenthal solution. 
4.1.2 Modeling Approach 
The multi-beam Rosenthal solution was implemented into a series of pre-existing 
single-beam Rosenthal solution MATLAB codes [77]. The multi-beam codes, which are 
shown in Appendix A, are split into three separate MATLAB files: the root finding code, 
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the function file, and the thermal conditions code. These codes are run multiple times with 
constant power and speed, along with varying the distance between the laser heat sources. 
This is done in order to find the influence of the distance on the melt pool geometry, thermal 
conditions, and predicted microstructure. 
The first two MATLAB codes in the series are used simultaneously in the modeling 
process. The function file contains Equation (4.2) with the melting temperature as the 
temperature of interest. The root finding code uses this function file, along with a user-
defined initial guess, to find the ?̅?0 and 𝑧0̅ locations where the predicted nondimensional 
temperature is equal to the nondimensional melting temperature. These ?̅?0 and 𝑧0̅ locations 
are the nondimensional coordinate locations that represent the predicted boundary of the 
melt pool. After the ?̅?0 and 𝑧0̅ values have been found, the data can be dimensioned and 
plotted to have a visual representation of the melt pool geometry. Additionally, the 
maximum melt pool lengths and depths can be found by dimensioning the appropriate ?̅?0 
and 𝑧0̅ values with Equation (2.2). 
The third MATLAB code in the series calculates the thermal conditions at the melt 
pool boundary. This code uses the data that was calculated in the root finding code; 
therefore, this code can only be executed after the root finding code has been run. The 
thermal conditions code uses Equations (4.4) ‒ (4.7) to find the nondimensional cooling 
rates and thermal gradients at the trailing edge of the melt pool. These values are then 
dimensioned with Equations (2.5) and (2.6) to find the actual cooling rate and thermal 
gradients. In this work, both the cooling rates and thermal gradients are plotted versus the 
normalized melt pool depth to visualize the relationships between the thermal conditions 
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and the distance between lasers. Additionally, the thermal conditions are used to predict 
grain morphology through the use of solidification maps.  
In order to verify the results of the multi-beam code, the multi-beam Rosenthal code 
was compared to results given by the single-beam Rosenthal solution code. The results for 
the multi-beam Rosenthal solution with distance d = 0 were the same as provided by the 
single-beam Rosenthal solution with a doubled power source. Additionally, the multi-beam 
results approach the single-beam results as the distance between lasers gets larger. 
Therefore, the contribution of the second laser beam is concluded to be implemented 
accurately into the Rosenthal solution code. 
4.1.3 Melt Pool Geometry Results 
The following results, shown in Figure 4.2, show the melt pool geometries on the x-
z plane for six different scan strategies. In these simulations, each of the lasers remains at 
a constant power of 300 W with a constant speed of 750 mm/s. Additionally, the absorption 
coefficient of the applied power is 0.35 for each of the simulations [43]. These simulations 
represent multi-beam scan strategies with offset distances of 0 mm, 0.25 mm, 0.5 mm, 1 
mm, 2 mm, and ∞. The Rosenthal model predicts a single melt pool for all simulations with 
offset distances that are less than or equal to 1 mm; however, the simulation for 2 mm 





Figure 4.2: Melt pool geometries for multi-beam LPBF with small distances between 
lasers, as predicted by the Rosenthal heat transfer model.  
The maximum melt pool depths and lengths for the above simulations are 
summarized in Table 4.1. Here, the melt pool lengths are measured from the front of the 
leading melt pool to the end of the trailing melt pool. As expected, the single heat source 
is predicted to result in the smallest melt pool for both the depth and the length. For multi-
beam LPBF, an increase in the distance between lasers causes a decrease in melt pool depth 
and an increase in melt pool length. This is because spreading out the lasers results in a 









Pool Depth (μm) 
Melt Pool Length 
(μm) 
d = 0 mm 108.5 741.6 
d = 0.25 mm 103.9 882.1 
d = 0.5 mm 96.8 1065.4 
d = 1 mm 88.3 1494.4 
d = 2 mm 81.5 2443.4 
d = ∞ 75.3 383.1 
Table 4.1: Rosenthal-predicted maximum melt pool depths and lengths for multi-beam 
LPBF with variable distances between lasers. 
4.1.4 Thermal Conditions and Microstructure Results 
The following images show the resulting thermal conditions for the six simulations 
as described above. For the following results, both the cooling rate and thermal gradient 
were calculated at the boundary of the melt pool’s trailing edge because this is the location 
at which the material starts to solidify. Figure 4.3 shows the cooling rates versus the 
normalized melt pool depth. As shown on the plot, an increase in distance results in an 
increase in the cooling rate, which also suggests a decrease in grain size. These results 
make sense; spreading out the laser beams causes the inputted heat to become less 




Figure 4.3: Solidification cooling rate vs. normalized melt pool depth for multi-beam 
LPBF with variable distance between lasers. 
Similarly, the thermal gradients were plotted against the normalized melt pool depth, 
which is shown in Figure 4.4. Here, it is seen that the thermal gradient increases as the 
lasers are spread farther apart, although the results are very similar for d = 0, 0.25 mm, and 
0.5 mm. This implies that the distance between lasers does influence the thermal gradient; 




Figure 4.4: Thermal gradient vs. normalized melt pool depth for multi-beam LPBF with 
variable distance between lasers. 
The cooling rate and thermal gradient results are then used to create solidification 
maps in order to predict grain morphology. The solidification map, shown in Figure 4.5, 
plots the thermal gradient, G, versus the solidification rate, R. It can be observed that all 
the distances modeled here result in mixed grains that transition to columnar grains as the 
melt pool depth increases. This plot also shows that an increase in d causes the points to 
shift slightly above and to the right. As a result, the distance between lasers has a slight 
effect on the G-vs-R results, but all of the results fall within the same morphology regions. 
Therefore, the distance between lasers is shown to have a negligible influence on the grain 




Figure 4.5: Solidification map for multi-beam LPBF with variable distance between 
lasers. 
4.2 Semi-Analytical Modeling 
4.2.1 Multi-Beam Semi-Analytical Model 
The coordinated multi-beam LPBF scan strategy that is modeled with the semi-
analytical solution is represented by Figure 4.6. In this configuration, two laser beams at a 
specified offset distance apart travel in the positive x-direction a constant speed. This is 
very similar to the scanning strategy that was modeled with the Rosenthal solution; 
however, the coordinate system is located differently. Here, the origin is located at a 




Figure 4.6: The scanning strategy that is modeled by the multi-beam semi-analytical 
model. 
The multi-beam semi-analytical solution, which uses the variables given in Table 4.2, is 
given by: 
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Variable Description Units 
T(x, y, z) Temperature at point (x, y, z) K 
T0 Initial temperature K 
q Absorbed power J/s 
cp Specific heat J/K 
ρ Material density g/cm3 
a Thermal diffusivity m2/s 
τi Integration time step s 
t Time s 
τ Time available for conduction s 
r0 Radius of heat source m 
I0 Bessel function of the first kind, zero order none 
d Distance between laser beams m 
Table 4.2: The variables that are used in the multi-beam semi-analytical approach. 
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The absorbed power, q, is defined as: 
𝑞 = 𝛼𝑃 (4.9) 
where α represents the absorption coefficient and P is the applied laser power.  
The multi-beam semi-analytical solution can be differentiated to obtain the cooling 
rates and thermal gradients. The cooling rate is found through partial differentiation of 
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Just like the Rosenthal solution, the multi-beam semi-analytical model approaches 
the single-beam solution as d approaches infinity. Therefore, the simulations for multi-
beam LPBF with d = ∞ can be modeled with the single-beam semi-analytical solution. 
4.2.2 Modeling Approach 
This research project uses a series of computer codes to calculate and visualize the 
thermal behavior of the LPBF process due to the scan strategy. The first code in this series 
is a heat transfer code that was written in C++ programming language by Plotkowski et. al 
[42], which has been modified to include the effects of two laser beams at a specified offset 
distance in the x-direction. The code uses the multi-beam semi-analytical approach to 
calculate the temperature data and thermal conditions at the onset of solidification. In order 
to use this code, the user must input the beam path, material properties, beam properties, 
and simulation parameters by creating text files that contain the required information. The 
code then outputs a sequence of data files that correspond to each time step throughout the 
scanning process. Each of these data files contains the (x, y, z) coordinates that are specified 
in the inputted simulation parameters, along with the temperature information and thermal 
conditions at each of these points. As a result, the outputted files contain the thermal data 
at every time step for every point specified in the process. 
The next two codes in this project use the data obtained from the semi-analytical 
code to visualize the behavior of the LPBF process. Both of these programs were created 
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in MATLAB to show the heat transfer patterns as the distance between laser beams 
changes. The first code indicates the temperature of each point, along with the outline of 
the predicted melt pool boundary. To visualize this, the code uses the previously-obtained 
temperature data to plot a grid of points on the y = 0 plane. The color of these points 
indicates the temperature of each point, which corresponds to the colors on a color bar. 
Additionally, the code finds the boundary of the melt pool, which allows the user to read 
the length and depth of the predicted melt pool region. This boundary is then plotted in 
order to see the shape of the melt pool. 
The second MATLAB code in this project deals with the thermal conditions at the 
onset of solidification, which is a known factor in determining important details about the 
microstructure of the final part. In this code, the cooling rate and thermal gradient 
information is first obtained from the semi-analytical code. Then, the software creates plots 
of both the cooling rates and thermal gradients versus the melt pool depth along the trailing 
edge of the melt pool. Additionally, the thermal gradients and solidification rates are then 
plotted against each other on a solidification map. The data provided by this code is 
essential for determining the relationships between the microstructure and the distance 
between laser beams in multi-beam LPBF. 
4.2.2.1 Steady State Consideration 
In multi-beam LPBF, the melt pool geometry and thermal conditions change over 
time until a steady-state condition is reached. This is displayed in Figure 4.7, where the 
side profiles of melt pools are shown at different time increments throughout the scanning 
process. In order to obtain consistent results, it is important to ensure that the system has 
reached its steady state when recording data. Therefore, the melt pool dimensions and 
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thermal conditions in each of the simulations in this chapter were examined to ensure that 
the system had reached a steady state before recording the results.  
 
Figure 4.7: Multi-beam LPBF melt pools at different time increments. 
4.2.2.2 Convergence Study 
The accuracy of the simulation is heavily dependent on the time step and spatial 
resolution that is used in the thermal modelling code. The time step, which is specified by 
the user in the semi-analytical code, indicates the time intervals for which the code 
calculates the thermal data. Therefore, the simulation results approach the true behavior of 
the process as the time step decreases. However, a decrease in the time step causes both 
the computation time and memory usage to increase because the simulation must then 
calculate the thermal data at an increased number of time increments. 
The spatial resolution of the simulation is also an important factor in the accuracy of 
the model. This resolution, which is specified by the user, indicates the number of (x, y, z) 
points that are represented in the domain. In this case, a higher number of points results in 
a more accurate solution. However, this increase in resolution also results in an increase in 
computation time and memory usage because the simulation must then calculate the 
thermal data at an increased number of coordinate locations.  
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The most accurate simulation uses a small time step and a large spatial resolution. 
However, such a simulation would take a lot of time and storage to run. Therefore, the 
optimal time step and spatial resolution must be determined when running these 
simulations. To determine appropriate values for both the time step and spatial resolution, 
two convergence studies were performed with varying time steps and spatial resolutions. 
4.2.2.2.1 Time Step 
In order to find an appropriate time step, the simulations for multi-beam LPBF with 
d = 0 were completed three times with three different time steps: long, medium, and short. 
Here, the long time step is 0.5 ms, the medium is 0.25 ms, and the short is 0.1 ms. In order 
to compare these results, the melt pool length and depth, as well as the cooling rate and 
thermal gradient are recorded in Table 4.3. Both the cooling rate and thermal gradient (CR0 
and G0, respectively) are calculated at the trailing edge of the melt pool at z = 0. In these 
simulations, the medium and short time steps produce the same solutions, while the 
solutions provided by the long time step are slightly different. Therefore, the simulation is 







CR0 (K/s) G0 (K/cm) 
Long (0.5 ms) 127.8 738.9 1.49×106 2.54×104 
Medium (0.25 ms) 128.1 731.2 1.49×106 2.74×104 
Short (0.1 ms) 128.1 731.2 1.49×106 2.74×104 
Table 4.3: The convergence study results for the time step. 
4.2.2.2.2 Spatial Resolution 
Next, the simulations for multi-beam LPBF with d = 0 were completed three times 
with three different spatial resolutions: coarse, medium, and fine. The coarse resolution is 
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160 points per mm, the medium is 320 points per mm, and the fine is 640 points per mm. 
In order to compare these results, the melt pool geometries and thermal conditions are 
recorded in Table 4.2. In these simulations, the medium and fine resolutions produce the 
same solutions, while the solution provided by the long time step is slightly different. 
Therefore, the simulation is shown to converge on the exact solution, with the medium 







CR0 (K/s) G0 (K/cm) 
Coarse (160 
points/mm) 
125.0 737.5 1.49×106 2.57×104 
Medium (320 
points/mm) 
128.1 731.2 1.49×106 2.74×104 
Fine (640 
points/mm) 
128.1 731.2 1.49×106 2.74×104 
Table 4.4: The convergence study results for the spatial resolution. 
4.2.2.3 Remote Simulations 
Because accurate simulations require a small time step and a large spatial resolution, 
the computer modeling process requires a lot of time and computational power to complete. 
This can be somewhat alleviated by using a computer with a large amount of processing 
power. Therefore, many of the simulations that were run in this project utilized a remote 
connection to the multiuser systems at Wright State University, which have 12 cores and 
128 GB of RAM. The use of these systems drastically decreased the amount of time 
required for the simulations. For example, a simulation that required 3 hours of run time 




4.2.3 Melt Pool Geometry Results 
The following results, which are shown in Figure 4.8 through Figure 4.13, show the 
side profiles of the melt pools for the same six scan strategies that were modeled with the 
Rosenthal solution. These were obtained on the y = 0 plane to capture the values for the 
maximum melt pool depth. In these simulations, all the lasers remain at a constant power 
of 300 W with a constant speed of 750 mm/s and an absorption coefficient of 0.35. Here, 
the semi-analytical model predicts a single melt pool for offset distances of 0 and 0.25 mm; 
however, the remainder of the simulations predict two discrete melt pools.  
 
Figure 4.8: Melt pool results for d = 0 as predicted by the semi-analytical model. 
 
 
















Figure 4.13: Melt pool results for d = ∞ as predicted by the semi-analytical model. 
 
The maximum melt pool depths and lengths for the above simulations are 
summarized in Table 4.5. Here, the semi-analytical solution shows that an increase in the 





Pool Depth (μm) 
Melt Pool Length 
(μm) 
d = 0 mm 128.1 731.2 
d = 0.25 mm 121.9 878.1 
d = 0.5 mm 115.6 1062.5 
d = 1 mm 106.3 1490.6 
d = 2 mm 100.0 2434.4 
d = ∞ 93.8 378.1 
Table 4.5: Melt pool geometries as predicted by the multi-beam semi-analytical model. 
4.2.4 Thermal Conditions and Microstructure Results 
The following images show the resulting thermal conditions for the six simulations 
shown above. The cooling rates and thermal gradients here were calculated at the trailing 
edge of the melt pool boundary. Figure 4.14 shows the cooling rates versus the normalized 
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melt pool depth. As shown on the plot, an increase in distance results in an increase in the 
cooling rate, which also suggests a decrease in grain size.  
 
Figure 4.14: Cooling rate vs. normalized melt pool depth in multi-beam LPBF, as 
predicted by the semi-analytical model. 
Similarly, the thermal gradients were plotted against the normalized melt pool depth 
in Figure 4.15. As shown on the plot, an increase in distance results in an increase in the 





Figure 4.15: Thermal gradient vs. normalized melt pool depth in multi-beam LPBF, as 
predicted by the semi-analytical model. 
The semi-analytical cooling rates and thermal gradients can also be used to create 
solidification maps to predict the grain morphology. The solidification map, which is 
shown in Figure 4.16, plots the thermal gradient (G) versus the solidification rate (R) as 
previously discussed. From looking at the plot, the distances modeled here are shown to 
result in mixed grains that transition to columnar grains with increasing melt pool depth. 
As a result, the distance between lasers has a negligible influence on the grain morphology. 
Additionally, the plots show that an increase in d causes the points to shift slightly above 
and to the right. This suggests that the distance between lasers has a slight effect on the G-





Figure 4.16: Solidification map for multi-beam LPBF, which was predicted using the 
semi-analytical approach. 
4.3 Additional Multi-Beam Scan Strategies 
4.3.1 Independent Powers 
4.3.1.1 Model Description 
The next scan strategy under consideration, which is shown in Figure 4.17,  utilizes 
two laser heat sources at an offset distance in the x-direction. Here, two laser beams with 




Figure 4.17: Multi-beam LPBF with independent laser powers. 
The following equation, which has been derived from the multi-beam semi-analytical 
solution, can be used to calculate the temperature at any (x, y, z) location due to two heat 
sources at different laser powers: 
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(4.14) 
where the applied power of the leading beam, qℓ, and the applied power of the trailing 
beam, qt, are defined as: 
𝑞ℓ = 𝛼𝑃ℓ 𝑞𝑡 = 𝛼𝑃𝑡 (4.15) 
4.3.1.2 Melt Pool Results 
4.3.1.2.1 Preheating 
The following results in Figure 4.18 to Figure 4.21 correspond to simulations for 
preheating multi-beam LPBF processes. That is, the leading laser beam applies less power 
than the trailing laser beam. For each of these simulations, the power of the trailing laser 
beam is 300 W and the power of the leading laser beam is varied. The absorption coefficient 
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remains constant at 0.35 and the speed of each of the lasers is 750 mm/s. The offset distance 
also remains constant at 0.25 mm. These were obtained on the y = 0 plane to capture the 
values for the maximum melt pool depth. 
 
 
Figure 4.18: Melt pool results for multi-beam LPBF with a preheating beam of 100 W. 
 
Figure 4.19: Melt pool results for multi-beam LPBF with a preheating beam of 150 W. 
 




Figure 4.21 Melt pool results for multi-beam LPBF with a preheating beam of 250 W. 
4.3.1.2.2 Post-heating 
The next results, shown in Figure 4.22 to Figure 4.25, depict post-heating multi-beam 
LPBF processes. Here, the trailing laser beam applies less power than the leading laser 
beam. In these simulations, the power of the leading laser beam remains constant at 300 W 
and the power of the trailing laser beam is varied. The absorption coefficient remains 
constant at 0.35 and the speed of each of the lasers is 750 mm/s. The offset distance for 
each of these cases is 0.25 mm, and the results were taken on the y = 0 plane to obtain 
maximum melt pool dimensions. 
 
 





Figure 4.23: Melt pool results for multi-beam LPBF with a post-heating beam of 150 W. 
 
 
Figure 4.24: Melt pool results for multi-beam LPBF with a post-heating beam of 200 W. 
 
Figure 4.25: Melt pool results for multi-beam LPBF with a post-heating beam of 250 W. 
The maximum melt pool depths and lengths for the above simulations are 
summarized in Table 4.6. As expected, both the melt pool length and depth increase as the 
power increases, for both the preheating and post-heating scanning strategies. However, 
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Pool Depth (μm) 
Melt Pool 
Length (μm) 
P = 100 W 103.1 696.9 96.9 590.6 
P = 150 W 109.4 737.5 103.1 668.8 
P = 200 W 112.5 784.4 109.4 740.6 
P = 250 W 118.8 831.3 115.6 815.6 
Table 4.6: Melt pool dimensions for both preheating and post-heating multi-beam LPBF 
scan strategies. 
4.3.1.3 Thermal Conditions and Microstructure Results 
The following images show the resulting thermal conditions for the eight simulations 
shown above. The cooling rates and thermal gradients here were calculated at the trailing 
edge of the melt pool boundary. Figure 4.26 shows the cooling rates versus the normalized 
melt pool depth for both the preheating and post-heating simulations. As shown on the plot, 
an increase in power results in a decrease in the cooling rate for both preheating and post-
heating. Additionally, the cooling rates for preheating processes are very close to the 




Figure 4.26: Cooling rate vs. normalized melt pool depth for both preheating and post-
heating multi-beam scan strategies. 
Next, the thermal gradients were plotted against the normalized melt pool depth, as 
shown in Figure 4.27. As shown on the plot, an increase in power results in a decrease in 
the thermal gradient, although the variations seen here are slight. Additionally, the thermal 
gradients provided by the preheating processes are very close to the thermal gradients 






Figure 4.27: Thermal gradient vs. normalized melt pool depth for both preheating and 
post-heating multi-beam scan strategies. 
The solidification maps for both preheating and post-heating are shown in Figure 
4.28. These solidification maps show that all simulations modeled here result in mixed 
grains that transition to columnar grains, which is true for both the preheating and post-
heating simulations. As a result, the variation of the individual laser powers provides a 
negligible influence on the grain morphology. Here, an increase in power is shown to shift 
the points slightly down and to the left, although these variations are not enough to make 




Figure 4.28: Solidification maps for both preheating and post-heating multi-beam LPBF. 
4.3.2 Y-Direction Offset 
4.3.2.1 Model Description 
The next scan strategy, which is shown in Figure 4.29, utilizes two laser heat sources 
at an offset distance in the y-direction. Here, two laser beams at power P travel in the 
positive x-direction a constant speed of v. 
 
Figure 4.29: Multi-beam LPBF with the laser offset in the y-direction. 
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The following equation, which has also been derived from the multi-beam semi-
analytical solution, can be used to calculate the temperature at any (x, y, z) location due to 
two heat sources at an offset distance in the y-direction: 
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(4.16) 
4.3.2.2 Melt Pool Results 
The following results, which are shown in Figure 4.30 through Figure 4.33, show 
both the side and front profiles of the melt pools for scan strategies with four varying offset 
distances: 50 μm, 100 μm, 150 μm, and 200 μm. The side profiles were all obtained on the 
y = 0 plane to capture the values for the maximum melt pool depth, and the front profiles 
were obtained on the planes that correspond to the maximum melt pool depth. In these 
simulations, the lasers remain at a constant power of 300 W with a constant speed of 750 
mm/s and an absorption coefficient of 0.35.  
 














Figure 4.33: Melt pool results for multi-beam LPBF with a y-direction offset distance of 
200 μm. 
The maximum melt pool depths, lengths, and widths for the above simulations are 
summarized in Table 4.7. Here, an increase in the offset distance causes a decrease in the 










d = 50 μm 121.9 712.8 215.6 
d = 100 μm 106.3 625.0 231.3 
d = 150 μm 96.9 509.4 287.5 
d = 200 μm 93.8 421.9 343.8 
Table 4.7: Melt pool dimensions for multi-beam LPBF with offsets in the y-direction. 
4.3.2.3 Thermal Conditions and Microstructure Results 
Figure 4.34 shows the cooling rates versus the normalized melt pool depth for the y-
direction offset multi-beam scan strategies. Here, increasing the offset distance causes an 
increase in the cooling rate.  
 
Figure 4.34: Cooling rate vs. normalized melt pool depth for multi-beam LPBF with 
offset distance in the y-direction. 
Figure 4.35 shows the thermal gradient versus the normalized melt pool depth for the 
simulations with the offset distance in the y-direction. Here, the thermal gradients are not 
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shown to directly relate to the offset distance. In addition, the thermal gradient behaves 
differently at the top of the melt pool versus the bottom of the melt pool. 
 
 
Figure 4.35: Thermal gradient vs. normalized melt pool depth for multi-beam LPBF with 
offset distance in the y-direction. 
The solidification map for the y-direction simulations, shown in Figure 4.36, shows 
that all of the distances modeled here result in mixed grains that transition to columnar 
grains with increasing melt pool depth. Additionally, the plots show that an increase in d 
causes the points to shift slightly above and to the right. This is similar to the conclusions 











5 Summary and Conclusions 
5.1 Summary 
This work investigates the effects of multiple, coordinated heat sources in LPBF. 
This was done through the use of computational modeling techniques, which were derived 
from existing thermal models of the single-beam LPBF process. These computational 
models were used to predict temperature distributions, melt pool dimensions, and thermal 
conditions during the LPBF process. The results of these simulations were used to 
determine the effects of various scanning strategies and processing parameters in both 
single-beam and multi-beam LPBF, thus providing insight to the possibilities provided by 
multi-beam LPBF processes.  
In this thesis, the single-beam LPBF process has been studied to determine the effects 
of scan strategy and processing parameters on both porosity and microstructure. This was 
done through simulations that utilize the single-beam semi-analytical approach for 
computing the temperature distributions and thermal conditions throughout the process. In 
order to predict the effects of the processing parameters, both single-pass and multiple-pass 
analyses were utilized, which helped predict the expected melt pool width and the 
possibility of lack-of-fusion porosity. The influence of the scan geometry was then 
investigated to determine its influence on the cooling rate and solidification microstructure 
in the material. 
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Additionally, the incorporation of a second, coordinated heat source in LPBF has 
been examined to determine its effects on both melt pool geometry and thermal conditions. 
This was done by investigating three types of scan strategies. The first scan strategy under 
consideration utilized two identical laser heat sources with a constant offset distance in the 
x-direction, which was modeled by both the Rosenthal and semi-analytical approaches to 
determine the differences in these modeling approaches. The next scan strategy also used 
an offset distance in the x-direction; however, the individual laser powers were varied here 
to investigate the effects of preheating and post-heating techniques in multi-beam LPBF. 
Finally, the last scan strategy under consideration utilized two identical heat sources with 
an offset distance in the y-direction. 
5.2 Comparison of Modeling Approaches 
As compared to the results provided by the Rosenthal solution, the semi-analytical 
model consistently predicted melt pools with slightly shorter lengths and larger depths, as 
shown in Table 5.1. Although, the general trends between melt pool size and laser offset 
distance remained the same for both approaches. One major difference between the two 
models, however, was that the Rosenthal model predicted single melt pools for laser offset 
distances of 0.5 mm and 1 mm, while the semi-analytical model predicted two discrete 
melt pools for simulations with the same parameters. These differences are likely due to 
the steady-state and the point heat source assumptions in the Rosenthal solution, whereas 
the semi-analytical model includes transient effects and models the heat source as a circular 
ring with a definable radius. However, despite these differences, both models predicted 
very similar thermal conditions, with slightly slower semi-analytical cooling rates and 
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nearly equal thermal gradients provided by both approaches. Additionally, when plotting 
these thermal conditions on a solidification map, the results are very similar to one another.  














d = 0 mm 108.5 741.6 128.1 731.2 
d = 0.25 mm 103.9 882.1 121.9 878.1 
d = 0.5 mm 96.8 1065.4 115.6 1062.5 
d = 1 mm 88.3 1494.4 106.3 1490.6 
d = 2 mm 81.5 2443.4 100.0 2434.4 
d = ∞ 75.3 383.1 93.8 378.1 
Table 5.1: Melt pool dimensions from both the Rosenthal and semi-analytical 
approaches. 
5.3 Conclusions 
5.3.1 Single-Beam LPBF 
In the single-beam LPBF analyses, the single-beam semi-analytical model predicted 
patterns in the temperature distributions due to variations in both the scan strategy and the 
processing parameters. First, simulations for a single laser pass showed that an increase in 
laser speed causes a thinner melt pool width. The temperature distributions were then 
investigated for multiple laser passes, which showed that an increase in both speed and 
hatch spacing increases the likelihood of lack-of-fusion porosity.  
The thermal conditions were then calculated for the single-beam semi-analytical 
simulations. It was found that the cooling rate remains relatively constant for a single laser 
pass. However, multiple laser passes caused more transient behavior that resulted in 
variations in the cooling rates throughout the scan path. In addition to this, the stripe width 
was varied to model the effects seen in the thick-to-thin geometry. As expected, the larger 
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stripe width seen in the thick section results in faster cooling rates, which causes a finer 
microstructure and thus, an increased yield strength. 
5.3.2 Multi-Beam LPBF 
As shown by the multi-beam simulations with the x-direction offset, the addition of 
a second heat source causes significant changes in the melt pool, which are highly 
dependent on the distance between the laser beams. The addition of a second heat source 
causes a longer melt pool with a deeper depth, which transitions to multiple, discrete melt 
pools as the lasers are spread farther apart. The addition of a second heat source also causes 
variations in the cooling rate; that is, the cooling rate decreases with the addition of the 
second heat source, and it approaches the single-beam solution as the lasers spread farther 
apart. The multi-beam LPBF process also affected the thermal gradients, although these 
effects are negligible for small distances between lasers (<1 mm). However, the addition 
of a second beam in the x-direction has been shown to provide a negligible influence in the 
grain morphology because the results remain in the same morphology regions in the 
solidification map.  
The preheating and post-heating processes resulted in differences in melt pool 
geometries, which is evident by looking at the shapes of the resulting melt pools. In general, 
the preheating simulations provided slightly longer and deeper melt pools than the post-
heating simulations. Additionally, the thermal conditions seen in both preheating and post-
heating were very similar to one another; however, the thermal gradients shown in the post-
heating simulations were slightly lower than the thermal gradients due to preheating. When 
plotted on a solidification map, these differences were not enough to alter the 
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microstructure; however, a decrease in the thermal gradient provides the possibility of 
reducing the residual stresses in the material. 
The y-direction offset simulations also provided variations in the melt pool 
dimensions. As the distance between the lasers was increased, the melt pool width 
increased, while both the length and depth decreased. Additionally, an increase in the offset 
distance caused an increase in cooling rate, which indicates that an increase in offset 
distance causes a decrease in grain size. Along with this, the thermal gradient was found to 
have no direct relationship to the offset distance in the y-direction. The exact reason for 
this is unknown; therefore, more investigation will need to be done to determine the cause 
of this. In addition, these results all predict the same morphology regions regardless of the 
distance between the heat sources. As a result, the results of the y-direction offset show the 
same general trends as the x-direction simulations. 
5.4 Significance of Results 
Due to the limited processing parameter ranges of single-beam LPBF, the potential 
for improvements due to multi-beam LPBF was investigated. Overall, the addition of a 
second laser beam results in variations in both melt pool shape and size. Additionally, the 
multi-beam process results in generally slower cooling rates and decreased thermal 
gradients. However, the grain morphology is not affected by this, as the results fall in the 
same morphology regions for all simulations throughout the entirety of this research. 
Consequently, the results of this work do not provide adequate evidence to conclude that 
the addition of a second heat source improves the quality of the LPBF process.  
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5.5 Future Work 
The work here utilizes a modeling approach to explore the effects of multi-beam 
LPBF on the solidification microstructure of the material. However, there are many other 
aspects of LPBF that can be examined by studying the temperature distributions and 
thermal conditions in LPBF, such as the resulting material properties, porosity, and residual 
stresses seen in the final structure.  
In addition, all of the simulations in this work utilize models with limiting 
assumptions, such as the exclusion of latent heat and temperature-independent properties. 
The benefit of this is that these simulations can be completed relatively quickly, which 
allows multiple simulations to be completed for comparison against one another while still 
maintaining a good degree of accuracy. Conversely, finite element models take a 
significantly longer time to run but include many of the effects that are excluded in 
analytical models. Consequently, the use of a numerical model would provide more 
accurate information for the effects seen in multi-beam LPBF. In addition, experimental 







[1]  K. S. Prakash, T. Nancharaih and V. S. Rao, "Additive Manufacturing Techniques in 
Manufacturing-An Overview," Materials Today: Proceedings, vol. 5, pp. 3873-3882, 
2018.  
[2]  T. J. Horn and O. L. Harryson, "Overview of current additive manufacturing 
technologies and selected applications," Science Progress, vol. 95, no. 3, pp. 255-
282, 2012.  
[3]  N. Kumbhar and A. Mulay, "Post Processing Methods used to Improve Surface 
Finish of Products which are Manufactured by Additive Manufacturing 
Technologies: A Review," Journal of the Institution of Engineers (India): Series C, 
vol. 99, pp. 481-487, 2018.  
[4]  A. International, "F2792-12a, Standard Terminology for Additive Manufacturing 
Technologies," 2012 (Withdrawn 2015).  
[5]  W. J. Sames, F. A. List, S. Pannala, R. R. Dehoff and S. S. Babu, "The metallurgy 
and processsing science of metal additive manufacturing," International Materials 
Review, vol. 61:5, pp. 315-360, 2016.  
[6]  J. A. Slotwinski, "Additive manufacturing: Overview and NDE challenges," in AIP 
Conference Proceedings, American Institute of Physics, 2014.  
81 
 
[7]  F. Calignano, D. Manfredi, E. P. Ambrosio, S. Biamino, M. Lombardi, E. Atzeni, A. 
Salmi, P. Minetola, L. Iuliano and P. Fino, "Overview on Additive Manufacturing 
Technologies," Proceedings of the IEEE, vol. 105, no. 4, pp. 593-612, 2017.  
[8]  B. N. Turner, R. Strong and S. A. Gold, "A review of melt extrusion additive 
manufacturing processes: I. Process design and modeling," Rapid Prototyping 
Journal, vol. 20, no. 3, pp. 192-204, 2014.  
[9]  R. Singh and H. K. Garg, "Fused Deposition Modeling - A State of Art Review and 
Future Applications," Reference Module in Materials Science and Materials 
Engineering, 2016.  
[10]  S. Upcraft and R. Fletcher, "The rapid prototyping technologies," Assembly 
Automation, vol. 23, no. 4, pp. 318-330, 2003.  
[11]  J. Izdebska and Z. Żołek-Tryznowska, "3D food printing - facts and future," Agro 
FOOD Industry Hi Tech, vol. 27, no. 2, pp. 33-37, 2016.  
[12]  C. Gosselin, R. Duballet, P. Roux, N. Gaudilliére and J. Dirrenberger, "Large-scale 
3D printing of ultra-high performance concrete – a new processing route for 
architects and builders," Materials & Design, vol. 100, pp. 102-109, 2016.  
[13]  C. F. Revelo and H. A. Colorado, "3D printing of kaolinite clay ceramics using the 
Direct Ink Writing (DIW) technique," Ceramics International, vol. 44, no. 5, pp. 
5673-5682, 2018.  
[14]  A. Bellini and S. Güçeri, "Mechanical characterization of parts fabricated using fused 
deposition modeling," Rapid Prototyping Journal, 2003.  
[15]  A. R. T. Perez, D. A. Roberson and R. B. Wicker, "Fracture Surface Analysis of 3D-
Printed Tensile Specimens of Novel ABS-Based Materials," Journal of Failure 
Analysis and Prevention, vol. 14, pp. 343-353, 2014.  
82 
 
[16]  A. Alafaghani, A. Qattawi, B. Alrawi and A. Guzman, "Experimental Optimization 
of Fused Deposition Modelling Processing Parameters: a Design-for-Manufacturing 
Approach," Procedia Manufacturing, vol. 10, pp. 791-803, 2017.  
[17]  B. Derby, "Printing and Prototyping of Tissues and Scaffolds," Science, vol. 338, no. 
6109, pp. 921-926, 2012.  
[18]  T. Shimoda, K. Morii, S. Seki and H. Kiguchi, "Inkjet Printing of Light-Emitting 
Polymer Displays," MRS Bulletin, vol. 28, no. 11, pp. 821-827, 2003.  
[19]  I. Gibson, D. Rosen and B. Stucker, "Binder Jetting," in Additive Manufacturing 
Technologies, New York, NY, Springer, 2015, pp. 205-218. 
[20]  I. Gibson, D. W. Rosen and B. Stucker, "Sheet Lamination Processes," in Additive 
Manufacturing Technologies, Boston, MA, Springer, 2010, pp. 223-252. 
[21]  D. Sher and X. Tutó, "Review of 3D food printing," Design Topics, vol. 31, pp. 104-
117, 2015.  
[22]  J. Sun, W. Zhou, D. Huang, J. Y. Fuh and G. S. Hong, "An Overview of 3D Printing 
Technologies for Food Fabrication," Food and Bioprocess Technology, vol. 8, pp. 
1605-1615, 2015.  
[23]  Y. Bai and C. B. Williams, "An exploration of binder jetting of copper," Rapid 
Prototyping Journal, pp. 793-814, 2015.  
[24]  A. International, "ExOne qualifies nickel-base Alloy 625 for 3D printing of industrial 
parts," 7 May 2014. [Online].  
[25]  T. Moritz and S. Maleksaeedi, "Additive manufacturing of ceramic components," in 
Additive Manufacturing, Butterworth-Heinemann, 2018, pp. 105-161. 
[26]  A. Bournias-Varotsis, R. J. Friel, R. A. Harris and D. S. Engstrøm, "Ultrasonic 
Additive Manufacturing as a form-then-bond process for embedding electronic 
83 
 
circuitry into a metal matrix," Journal of Manufacturing Processes, vol. 32, pp. 664-
675, 2018.  
[27]  P. M. Bhatt, A. M. Kabir, M. Peralta, H. A. Bruck and S. K. Gupta, "A robotic cell 
for performing sheet lamination-based additive manufacturing," Additive 
Manufacturing, vol. 27, pp. 278-289, 2019.  
[28]  B. Xu, X.-y. Wu, J.-g. Lei, F. Luo, F. Gong, C.-l. Du, X.-q. Sun and S.-c. Ruan, 
"Research on micro-electric resistance slip welding of copper electrode during the 
fabrication of 3D metal micro-mold," Journal of Materials Processing Technology, 
vol. 213, no. 12, pp. 2174-2183, 2013.  
[29]  I. Gibson, D. Rosen and B. Stucker, "Vat Photopolymerization Processes," in 
Additive Manufacturing Technologies, New York, NY, Springer, 2015, pp. 63-106. 
[30]  J. M. Sirrine, V. Meenakshisundaram, N. G. Moon, P. J. Scott, R. J. Mondschein, T. 
F. Weiseman, C. B. Williams and T. E. Long, "Functional siloxanes with photo-
activated, simultaneous chain extension and crosslinking for lithography-based 3D 
printing," Polymer, vol. 152, pp. 25-34, 2018.  
[31]  Custompart.net, "Direct Metal Laser Sintering," 2008. [Online].  
[32]  Dassault Systems, "Introduction to 3D printing - additive processes," 2018. [Online].  
[33]  L. University, "About Additive Manufacturing - Directed Energy Deposition," 
[Online].  
[34]  M. M. Francois, A. Sun, K. E. Wayne, N. J. Henson, D. Tourret, C. A. Bronkhorst, 
N. N. Carlson, C. K. Newman, T. S. Haut, J. Bakosi, J. W. Gibbs, V. Livescu, S. A. 
Vander Wiel and e. al., "Modeling of additive manufacturing processes for metals: 
Challenges and opportunities," Current Opinion in Solid State and Materials Science, 
vol. 21, no. 4, pp. 198-206, 2017.  
[35]  M. Xia, D. Gu, G. Yu, D. Dai, H. Chen and Q. Shi, "Influence of hatch spacing on 
heat and mass transfer, thermodynamics and laser processability during additive 
84 
 
manufacturing of Inconel 718 alloy," International Journal of Machine Tools and 
Manufacture, vol. 109, pp. 147-157, 2016.  
[36]  S. A. Khairallah, A. T. Anderson, A. Rubenchik and W. E. King, "Laser powder-bed 
fusion additive manufacturing: Physics of complex melt flow and formation 
mechanisms of pores, spatter, and denudation zones," Acta Materialia, vol. 108, pp. 
36-45, 2016.  
[37]  J. Goldak, A. Chakravarti and M. Bibby, "A New Finite Element Model for Welding 
Heat Sources," Metallurgical Transactions , vol. 31B, pp. 299-305, 1984.  
[38]  C. Bruna-Rosso, A. G. Demir and B. Previtali, "Selective laser melting finite element 
modeling: Validation with high-speed imaging and lack of fusion defects prediction," 
Materials & Design, vol. 156, pp. 143-153, 2018.  
[39]  P. Promoppatum, S.-C. Yao, P. C. Pistorius and A. D. Rollett, "A Comprehensive 
Comparison of the Analytical and Numerical Prediction of the Thermal History and 
Solidification Microstructure of Inconel 718 Products Made by Laser Powder-Bed 
Fusion," Engineering, vol. 3, no. 5, pp. 685-694, 2017.  
[40]  J. Gockel, J. Beuth and K. Taminger, "Integrated control of solidification 
microstructure and melt pool dimensions in electron beam wire feed additive 
manufacturing of Ti-6Al-4V," Additive Manufacturing, Vols. 1-4, pp. 119-126, 2014.  
[41]  E. J. Schwalbach, S. P. Donegan, M. G. Chapman, K. J. Chaput and M. A. Groeber, 
"A Discrete Source Model of Powder Bed Fusion Additive Manufacturing Thermal 
History," Additive Manufacturing, vol. 25, pp. 485-498, 2019.  
[42]  A. Plotkowski, M. Kirka and S. Babu, "Verification and validation of a rapid heat 
transfer calculation methodology for transient melt pool solidification conditions in 
powder bed metal additive manufacturing," Additive Manufacturing, vol. 18, pp. 256-
268, 2017.  
85 
 
[43]  S. Bontha, N. W. Klingbeil, P. A. Kobryn and H. L. Fraser, "Thermal process maps 
for predicting solidification microstructure in laser fabrication of thin-wall 
structures," Journal of Materials Processing Technology, vol. 178, no. 1-3, pp. 135-
142, 2006.  
[44]  A. J. Dunbar, E. R. Denlinger, M. F. Gouge and P. Michaleris, "Experimental 
validation of finite element modeling for laser powder bed fusion deformation," 
Additive Manufacturing, vol. 12A, pp. 108-120, 2016.  
[45]  R. J. Williams, C. M. Davies and P. A. Hooper, "A pragmatic part scale model for 
residual stress and distortion prediction in powder bed fusion," Additive 
Manufacturing, vol. 22, pp. 416-425, 2018.  
[46]  M. Grasso and B. M. Colosimo, "Process defects and in situ monitoring methods in 
metal powder bed fusion: a review," Measurement Science and Technology, vol. 
28:4, 2017.  
[47]  M. Saunders, "How process parameters drive successful metal AM part production," 
Metal Additive Manufacturing, vol. 4, no. 2, pp. 127-135, 2018.  
[48]  M. Nozar, I. Zetková and O. Hronek, "Searching for Favourable Powder Bed Fusion 
Settings in Sintering of Maraging Steel MS1," in Proceedings of the 29th DAAAM 
International Symposium, Vienna, Austria, 2018.  
[49]  M. Tang, P. C. Pistorius and J. L. Beuth, "Prediction of lack-of-fusion porosity for 
powder bed fusion," Additive Manufacturing, vol. 14, pp. 39-48, 2017.  
[50]  B. Cheng, L. Loeber, H. Willeck, U. Hartel and C. Tuffile, "Computational 
Investigation of Melt Pool Process Dynamics and Pore Formation in Laser Powder 
Bed Fusion," Journal of Materials Engineering and Performance, vol. 28, pp. 6565-
6578, 2019.  
86 
 
[51]  N. K. Tolochko, S. E. Mozzharov, I. A. Yadroitsev, T. Laoui, L. Froyen, V. I. Titov 
and M. B. Ignatiev, "Balling processes during selective laser treatment of powders," 
Rapid Prototyping Journal, vol. 10, no. 2, pp. 78-87, 2004.  
[52]  M. Islam, T. Purtonen, H. Piili, A. Salminen and O. Nyrhilä, "Temperature profile 
and imaging analysis of laser additive manufacturing of stainless steel," Physics 
Procedia, vol. 41, pp. 835-842, 2013.  
[53]  I. Yadroitsev, A. Gusarov, I. Yadroitsava and I. Smurov, "Single track formation in 
selective laser melting of metal powders," Journal of Materials Processing 
Technology, vol. 210, pp. 1624-1631, 2010.  
[54]  G. Ng, A. Jarfors, G. Bi and H. Zheng, "Porosity formation and gas bubble retention 
in laser metal deposition," Applied Physics A, vol. 97, pp. 641-649, 2009.  
[55]  P. Kobryn and S. Semiatin, "The Laser Additive Manufacture of Ti-6Al-4V," JOM, 
vol. 53, no. 9, pp. 40-42, 2001.  
[56]  F. Li, Z. Wang and X. Zeng, "Efficient Fabrication of Ti6Al4V Alloy by Means of 
Multi-Laser Beam Selective Laser Melting," in Solid Freeform Fabrication 
Proceedings, Austin, 2017.  
[57]  M. Masoomi, S. M. Thompson and N. Shamsaei, "Quality Part Production via Multi-
laser Additive Manufacturing," Manufacturing Letters, vol. 13, pp. 15-20, 2017.  
[58]  T. Heeling and K. Wegener, "Computational Investigation of Synchronized 
Multibeam Strategies for the Selective Laser Melting Process," Physics Procedia, 
vol. 83, pp. 899-908, 2016.  
[59]  T. Heeling and K. Wegener, "The Effect of Multi-Beam Strategies on Selective Laser 




[60]  F. Abe, K. Osakada, M. Shiomi, K. Uematsu and M. Matsumoto, "The 
Manufacturing of Hard Tools from Metallic Powders by Selective Laser Melting," 
Journal of Materials Processing Technology, vol. 111, pp. 210-213, 2001.  
[61]  P. Aggarangsi and J. L. Beuth, "Localized Preheating Approaches for Reducing 
Residual Stress in Additive Manufacturing," in Solid Freeform Fabrication 
Proceedings, Austin, 2006.  
[62]  D. Rosenthal, "The Theory of Moving Sources of Heat and Its Application to Metal 
Treatments," Transactions of the A.S.M.E., vol. 68, pp. 849-866, 1946.  
[63]  S. Bontha and N. W. Klingbeil, "Thermal Process Maps for Controlling 
Microstructure in Laser-Based Solid Freeform Fabrication," in Solid Freeform 
Fabrication Proceedings, Austin, 2003.  
[64]  A. Vasinota, J. L. Beuth and R. Ong, "Melt Pool Size Control in Thin-Walled and 
Bulky Parts via Process Maps," in Solid Freeform Fabrication Proceedings, Austin, 
2001.  
[65]  S. Bontha, N. W. Klingbeil, P. A. Kobryn and H. L. Fraser, "Effects of Process 
Variables and Size-Scale on Solidification Microstructure in Beam-Based 
Fabrication of Bulky 3-D Structures," Materials Science and Engineering A, Vols. 
513-514, pp. 311-318, 2009.  
[66]  H. Carslaw and J. Jaeger, "The Use of Sources and Sinks in Cases of Variable 
Temperature," in Conduction of Heat in Solids, 2nd ed., Oxford, Oxford University 
Press, 1959, pp. 255-260. 
[67]  Z. Hou and R. Komanduri, "Magnetic field assisted finishing of ceramics-part 1: 
thermal model," Journal of Tribology, vol. 120, pp. 645-651, 1998.  
[68]  R. Komanduri and Z. Hou, "Thermal analysis of the arc welding process-part 1. 
general solutions," Metallurgical and Materials Transactions, vol. 31B, pp. 1353-
1370, 2000.  
88 
 
[69]  R. Komanduri and Z. Hou, "Thermal analysis of the laser surface transformation 
hardening process," International Journal of Heat and Mass Transfer, vol. 44, pp. 
2845-2862, 2001.  
[70]  J. R. Walker, "Multi-Sensor Approach to Determine the Effect of Geometry on 
Microstructure in Additive Manufacturing," Wright State University M.S. Thesis, 
2019.  
[71]  J. Gockel, J. Fox, J. Beuth and R. Hafley, "Integrated melt pool and microstructure 
control for Ti-6Al-4V thin wall additive manufacturing," Materials Science and 
Technology, vol. 31, no. 8, pp. 912-916, 2015.  
[72]  L. C. Sheridan, "An Adapted Approach to Process Mappping Across Alloy Systems 
and Additive Manufacturing Processes," Wright State University M.S. Thesis, 2016.  
[73]  S. L. Kuntz, "Feasibility of Attaining Fully Equiaxed Microstructure through Process 
Variable Control for Additive Manufacturing of Ti-6Al-4V," Wright State University 
Master's Thesis, 2016.  
[74]  W. E. Frazier, "Metal Additive Manufacturing: A Review," Journal of Materials 
Engineering and Performance, vol. 23, pp. 1917-1928, 2014.  
[75]  G. Marinelli, F. Martina, S. Ganguly and S. Williams, "Grain refinement in an 
unalloyed tantalum structure by combining Wire + Arc additive manufacturing and 
vertical cold rolling," Additive Manufacturing, vol. 32, 2020.  
[76]  P. Kobryn and S. Semiatin, "Microstructure and texture evolution during 
solidification processing of Ti–6Al–4V," Journal of Materials Processing 
Technology, vol. 135, no. 2-3, pp. 330-339, 2003.  
[77]  S. Bontha, "The Effect of Process Variables on Microstructure in Laser-Deposited 






Appendix A: MATLAB Codes 





    % Tmbar: Dimensionless Melting Temperature (scalar) 
    % x0bar: Guess as to the onset of solidification location [at   
      depth = 0] (scalar) 
    % a: Resolution --> Number of nodes or incremental depths (scalar) 
    % ND: Dimensionless depth of the melt pool [z_m_bar] (scalar) 
     
% OUTPUT: 
    % x0bar: vector of dimensionless x-positions where solidification 
      begins 
    % y0bar: vector of corresponding dimensionless y-positions (all  
      y = 0) 
    % z0bar: vector of corresponding dimensionless z-positions 
    % NCR: vector of the dimensionless cooling rates at (x0bar, z0bar) 
    % z0: vector of the normalized melt pool depths 





%% Input Values 
dist = 0;         % Distance between heat sources [m] 
P = 300;          % Input laser power [W] 
v = 0.75          % Laser Speeds [m/sec] 
x0bar(1) = -30;   % Initial guess for root finding 
ND = -8;          % Initial guess for melt pool depth 
  
%% Other values 
ab = 0.35;        % Absorptivity 
Q = ab*P;         % Absorbed Power 
Tm = 1654;        % Melting Temperature [K] 
T0 = 100;         % Background Temperature [K] 
a = 100000;       % Resolution  
 
%% Material Properties 
rho = 4002.22782; % Density [kg/m^3] 
c = 857.6789;     % Specific Heat [J/(kg-K)] 





% Dimensionless distance between heat sources 
a_nd=dist*(rho*c*v)/(2*k); 
  
% Value of Tmbar --> Dimensionless melting temperature 
Tmbar = ((Tm - T0)/(((Q)/(pi*k))*((rho*c*v)/(2*k)))); 
  
% Variance of Normalized melt pool length (0 < d <L) 
% --> Creates a vector of values spanning the depth of the melt pool 
d = linspace(0,ND,a); 
D = d'; % --> Changes d from a row vector to a column vector 
  
% Initializations 
m = 1; % Vector creation index 
n = 1; % While loop iteration 
 
while n<= a % As long as the counter is smaller than the number of 
nodes 
    
    % Find the next (incremental) depth of the melt pool. 
    % Store this value in the m-th index of a vector called "z0bar" 
    z0bar(m)=D(m); 
     
    % Set y-position as zero (along centerline of meltpool). 
    % Melt pool and thermal properties are symmetric about x-z plane 
    % (where y = 0) 
    y0bar(m)=0; 
     
    % For this melt pool depth (z0bar) and y-position (y0bar), find 
    % the x-position where the Rosenthal Temperature (T_bar) equals 
    % the (normalized) melting temperature (Tmbar). 
    % Store this x-position in the m-th index of a vector called "x" 
         
    x(m) = fzero(@f3d_multi,x0bar(m),[],Tmbar,z0bar(m),a_nd); 
     
    % Replace the existing value of x0bar with the x-position found 
    % from the fzero function. (Update the "initial guess" for the 
    % next iteration) 
    x0bar(m+1) = x(m); 
         
    % Take the current (incremental) melt pool depth and divide it by 
    % the total melt pool depth. 
    % Store this value (normalized incremental melt pool depth) in the 
    % m-th index of a vector called "z0" 
    z0(m) = z0bar(m)/ND; 
    
  
    m = m+1; 









A.2 Multi-Beam Rosenthal Function File 
 












    % Inputs saved from Root Finding code 
     
% OUTPUT: 
    % x0bar: vector of dimensionless x-positions where solidification 
      begins 
    % z0bar: vector of corresponding dimensionless z-positions 
    % NCR: vector of the dimensionless cooling rates at (x0bar, z0bar) 
    % CR: Vector of the dimensionalized cooling rates at (x0bar,z0bar) 
    % NTG: vector of the dimensionless thermal gradient at (x0bar, 
      z0bar) 
    % G: vector of the dimensionless thermal gradient at (x0bar, 
      z0bar) 
%% PURPOSE: 
    % Calculate thermal conditions within the melt pool  
     
clc 
% Definition of constants    
siz = size(z0bar); 
n = siz(2); 
% x0bar(2) from Root Finding code 
    tmpx0bar = x0bar(2); 
    tmpnd = z0bar(n-1); 
  
clear x0bar z0bar y0bar x cterm1 bcterm1 bcterm2  
clear A D NCR ND d m n t z0 CR 
out = []; 
  




    % Initial guess for root finding found with Root Finding code 
    x0bar(1) = tmpx0bar; 
  
    % Resolution 
    A = 100000; 
    % Melt pool depth from Root Finding code  
    ND = tmpnd; 
  
    % Variance of Normalized melt pool length (0 < d < L) 
    d = linspace(0,ND,A); 
    D = d'; 
    % Initializations  
    t = 1; 
    m = 1; 
    n = 1; 
  
while n <= A 
    z0bar(m) = D(m); 
    y0bar(m)=0; 
    x(m) = fzero(@f3d_multi,x0bar(m),[],Tmbar,z0bar(m),a_nd); 
     
    T(m)=exp(-(x(m)+sqrt(x(m)^2+y0bar(m)^2+z0bar(m)^2)))/(2*... 
        sqrt(x(m)^2+y0bar(m)^2+z0bar(m)^2))+exp(-((a_nd+x(m))+... 
        sqrt((a_nd+x(m))^2+y0bar(m)^2+z0bar(m)^2)))/(2*... 
        sqrt((a_nd+x(m))^2+y0bar(m)^2+z0bar(m)^2)); 
      
    % Non-dimensional Cooling Rate 
    cterm1(m) =((exp(-(x(m)+sqrt(x(m)^2+y0bar(m)^2+z0bar(m)^2))))/... 
        (sqrt(x(m)^2+ y0bar(m)^2+ z0bar(m)^2))); 
    bcterm1(m) = (x(m)/sqrt(x(m)^2+y0bar(m)^2+z0bar(m)^2)); 
    bcterm2(m) = (x(m)/(x(m)^2+y0bar(m)^2+z0bar(m)^2)); 
    NCR1(m) = 0.5*cterm1(m)*(1+bcterm1(m)+bcterm2(m)); 
     
    cterm1_2(m) = ((exp(-(a_nd+x(m)+sqrt((a_nd+x(m))^2+y0bar(m)^2+... 
        z0bar(m)^2))))/(sqrt((a_nd+x(m))^2+y0bar(m)^2+z0bar(m)^2))); 
    bcterm1_2(m) = ((a_nd+x(m))/sqrt((a_nd+x(m))^2+y0bar(m)^2+... 
        z0bar(m)^2)); 
    bcterm2_2(m) = ((a_nd+x(m))/((a_nd+x(m))^2+y0bar(m)^2+... 
        z0bar(m)^2)); 
    NCR2(m) = 0.5*cterm1_2(m)*(1+bcterm1_2(m)+bcterm2_2(m)); 
    NCR(m) = NCR1(m)+NCR2(m); 
   
      
    % Dimensional Cooling Rate 
    CR(m) = (abs(NCR(m)))/(((2*k)/(rho*c*v))^2*((pi*k)/(Q*v))); 
     
    % Nondimensional thermal gradient 
    ThermX1(m)= 1/2*(-1-1/(x(m)^2+z0bar(m)^2)^(1/2)*x(m))*... 
        exp(-x(m)-(x(m)^2+z0bar(m)^2)^(1/2))/(x(m)^2+z0bar(m)^2)^... 
        (1/2)-1/2*exp(-x(m)-(x(m)^2+z0bar(m)^2)^(1/2))/(x(m)^2+... 
        z0bar(m)^2)^(3/2)*x(m); 
    ThermX2(m)= -(exp(-a_nd-x(m)-((a_nd+x(m))^2+z0bar(m)^2)^(1/2))*...  
        (2*a_nd+2*x(m)))/(4*((a_nd+x(m))^2+z0bar(m)^2)^(3/2))-(exp...  
        (-a_nd-x(m)-((a_nd+x(m))^2+z0bar(m)^2)^(1/2))*((2*a_nd+... 
        2*x(m))/(2*((a_nd+x(m))^2+z0bar(m)^2)^(1/2))+1))/(2*((a_nd+... 
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        x(m))^2+z0bar(m)^2)^(1/2)); 
    ThermX(m) = ThermX1(m)+ThermX2(m); 
    ThermY(m)= 0; 
    ThermZ1(m)=-1/2/(x(m)^2+z0bar(m)^2)*z0bar(m)*exp(-x(m)-(x(m)^2+... 
        z0bar(m)^2)^(1/2))-1/2*exp(-x(m)-(x(m)^2+z0bar(m)^2)^ ... 
        (1/2))/(x(m)^2+z0bar(m)^2)^(3/2)*z0bar(m); 
    ThermZ2(m) = -(z0bar(m)*exp(-a_nd-x(m)-((a_nd+x(m))^2+z0bar(m) ... 
        ^2)^(1/2))*(((a_nd+x(m))^2+z0bar(m)^2)^(1/2)+1))/(2*((a_nd+... 
        x(m))^2+z0bar(m)^2)^(3/2)); 
    ThermZ(m) = ThermZ1(m)+ThermZ2(m); 
  
     % Non-dimensional Thermal Gradient Magnitude 
     NTG(m) = sqrt((ThermX(m))^2+(ThermZ(m))^2); 
  
     % Dimensional Thermal Gradient 
     Gradx(m)=ThermX(m)/(((2*k)/(rho*c*v))^2*((pi*k)/(Q))); % [K/m] 
     Gradz(m)=ThermZ(m)/(((2*k)/(rho*c*v))^2*((pi*k)/(Q))); % [K/m] 
     G(m)=(abs(NTG(m))/(((2*k)/(rho*c*v))^2*((pi*k)/(Q))))/100; % 
[K/cm] 
      
     NR(m) = (abs(NCR(m))/abs(NTG(m))); 
     R(m)= CR(m)/G(m); 
     x0bar(m+1) = x(m); 
     m = m + 1; 
     n = n + 1; 
      
end 
 
 
